Both spatial heterogeneity and exploiters (parasites and predators) have been implicated as key ecological factors driving population diversification. However, it is unclear how these factors interact. We addressed this question using the common plant-colonizing bacterium Pseudomonas fluorescens, which has been shown to diversify rapidly into spatial niche-specialist genotypes when propagated in laboratory microcosms. Replicate populations were evolved in spatially homogeneous and heterogeneous environments (shaken and static microcosms, respectively) with and without viral parasites (bacteriophage) for approximately 60 bacterial generations. Consistent with previous findings, exploiters reduced diversity in heterogeneous environments by relaxing the intensity of resource competition. By contrast, exploiters increased diversity in homogeneous environments where there was little diversification through resource competition. Competition experiments revealed this increase in diversity to be the result of fitness trade-offs between exploiter resistance and competitive ability. In both environments, exploiters increased allopatric diversity, presumably as a result of divergent selection for resistance between populations. Phage increased total diversity in homogeneous environments, but had no net effect in heterogeneous environments. Such interactions between key ecological variables need to be considered when addressing diversification and coexistence in future studies.
INTRODUCTION
Understanding the ecological conditions driving diversification and ultimately speciation is a central aim of evolutionary ecology (Schluter 2000) . Two key factors have been identified: spatial heterogeneity and exploiters (predators or parasites). Recent empirical work strongly supports theoretical results (Hedrick et al. 1976; Hedrick 1986; Doebeli & Dieckmann 2000; Chesson 2000) showing that competition for resources in spatially heterogeneous environments can result in the evolution and maintenance of sympatric (within-population) diversity (Korona et al. 1994; Rainey & Travisano 1998; Buckling et al. 2000) . The effect of exploiters is, however, more ambiguous. Exploiters may drive sympatric diversification if there are a variety of exploiter-resistance strategies or fitness costs associated with exploiter resistance (Holt 1977; Abrams 2000; Doebeli & Dieckmann 2000; Chesson 2000; Abrams & Chen 2002) . Indirect evidence supports a role for exploiters in sympatric phenotypic diversification, for example, ornamentation in molluscs (Stone 1998) and body size in sticklebacks (Walker 1997; Vamosi & Schluter 2002) . However, ecological theory suggests that predators may promote, prevent or have no effect on the coexistence of prey species (reviewed in Chase et al. 2002) . Furthermore, it has recently been shown that sympatric diversification of experimental populations of the bacterium Pseudomonas fluorescens in spatially heterogeneous environments is impeded by antagonistic coevolution with a viral parasite (bacteriophage; Buckling & Rainey 2002b) .
A critical issue that has yet to receive empirical treatment is how spatial heterogeneity and exploiters interact to affect diversification. Indeed, such interactions may help to explain why exploiters have been implicated in both increasing and decreasing host and prey diversity. Exploiters are most likely to promote, or have no effect on, diversification in spatially homogeneous environments, where there is little diversifying selection resulting from resource competition. This is because diversity cannot be significantly reduced by exploiters if it is already at minimal levels. By contrast, exploiters in spatially heterogeneous environments can reduce diversification by impeding diversifying selection mediated by resource competition. This might arise through a number of mechanisms, including directional selection for exploiter resistance and exploiter-mediated density reductions reducing resource competition (Buckling & Rainey 2002a; Chesson 2000; see Chase et al. (2002) for equivalent arguments relating to the inhibition of species coexistence). Exploiters may also affect allopatric diversity, but this is likely to be less dependent on spatial heterogeneity. Coevolutionary interactions invariably differ between geographically structured populations, resulting in divergent selection and increased allopatric diversity (Travis 1996; Thompson 1999; Buckling & Rainey 2002a) .
Here, we empirically investigate the effects of the interaction between spatial heterogeneity and those of parasites on host diversification using the common plant bacterium P. fluorescens strain SBW25 (Rainey & Bailey 1996) in laboratory microcosms. The large size of these populations (approximately 10 9 cells) combined with their short generation times favours rapid evolution. Moreover, our ability to control both the environment and the genetic composition of founding cells precisely allows identification of causal mechanisms (Lenski et al. 1991) . We manipulated spatial heterogeneity by culturing in either static or shaken microcosms, creating spatially heterogeneous and homogeneous environments, respectively. To examine the effect of an exploiter on diversification we introduced a virulent bacteriophage (SBW25⌽2; Buckling & Rainey 2002a) . These are viruses that, following invasion of the bacterial cell and replication, result in bacterial lysis, hence imposing strong, potentially diversifying, selection on bacteria (Lenski & Levin 1985) . When propagated in spatially heterogeneous environments, isogenic P. fluorescens populations rapidly diversify, generating numerous niche-specialist types that are readily distinguished by their (heritable) colony morphologies on agar plates (Rainey & Travisano 1998) . These can be grouped into three distinct classes based on colony morphology and niche occupation: smooth (SM) morphotypes, resembling the ancestral morphotype, inhabit the liquid phase; wrinkly spreader (WS) morphotypes form a biofilm at the air-broth interface; and fuzzy-spreader (FS) morphotypes colonize the harsher less aerobic bottom of the vial. Competition for resources is responsible for the origin and maintenance of diversity, as demonstrated by the operation of negative frequency-dependent selection: morphotypes have a fitness advantage when rare because there is less intense competition within their niche (Ayala & Campbell 1974) . By contrast, little diversification occurs in spatially homogeneous environments (shaken microcosms; Rainey & Travisano 1998).
MATERIAL AND METHODS

(a) Culturing techniques
Twenty-four 30 ml glass universal bottles (microcosms), each containing 6 ml King's Medium B (KB), were inoculated with 10 8 cells of P. fluorescens isolate SBW25 (grown for 24 h at 28°C in an orbital shaker at 200 r.p.m.). Twelve of the microcosms were simultaneously inoculated with 10 5 clonal particles of a naturally associated DNA phage, SBW25⌽2. Twelve populations (six with and six without phage) were propagated at 28°C in a static incubator (spatially heterogeneous treatment) and 12 were propagated at 28°C in an orbital shaker, with a cycle of 29 min shaken at 200 r.p.m. and 1 min not shaken (spatially homogeneous treatment). The unshaken period was necessary to allow adsorption of the phage. After thorough homogenization, an aliquot (60 µl) of each culture was transferred to fresh medium every 2 days, for eight transfers (approximately 60 bacterial generations). Cultures were frozen at -80°C in 20% glycerol at every transfer. Densities were determined from CFU counts on KB agar plates.
(b) Measurement of diversity Diversity was measured by determining the morphologies of 100 random colonies on KB agar plates (Rainey & Travisano 1998; Buckling et al. 2000; Buckling & Rainey 2002a) for each population at each transfer. Within-population diversity was calculated as the complement of Simpson's index of concentration (1 Ϫ ; Simpson 1949): where p i is the proportion of the ith morph and N is the total number of colonies sampled. This measure is the probability that two randomly selected colonies from a single population are morphologically different. Between-population diversity was calculated as a variance (d 2 ; Lande 1996): the additional probability that two colonies, randomly chosen from different populations, are morphologically different, i.e.
where p i is the mean proportion of the ith morph across all j populations. Total diversity is the sum of mean sympatric and allopatric diversities (Lande 1996) .
(c) Competition experiments
Competition experiments in both the presence and the absence of phage (10 5 clonal particles) were carried out to investigate trade-offs between resistance and competitive ability. Competitions were carried out between resistant and sensitive types with reciprocal genetic markers: either wild-type SBW25 or an isogenic pantothenate auxotroph ( panB). Competitors were grown separately in KB microcosms supplemented with 0.0024% pantothenic acid (negating any fitness cost of the panB mutation) for 24 h at 28°C and shaken at 200 r.p.m., so that they were in the same physiological state. A total of 10 7 cells were then inoculated into static KB microcosms supplemented with 0.0024% pantothenic acid at 1 : 100 ratios of resistant : sensitive competing genotypes. Genotypes were in competition for 48 h-the duration of a single transfer. Relative fitness (W) was calculated from the ratio of the estimated Malthusian parameters (m) of the competitors, m = ln(N f /N 0 ), where N 0 is the initial density and N f the final density (Lenski et al. 1991) . Densities were determined by counting at least 2000 colonies grown on vitamin-free KB agar supplemented with 4.8 × 10 Ϫ6 % pantothenic acid. On this medium the panB strain is readily distinguished by its greatly reduced size.
RESULTS AND DISCUSSION
The effect of phage on bacterial diversity in spatially heterogeneous environments is consistent with our previous work (Buckling & Rainey 2002a ). First, the sympatric diversity of P. fluorescens populations was significantly reduced (figure 1a; two-sample t-test (unequal variances) on diversities averaged through time: t = 6.48, d.f. = 7, p Ͻ 0.001). Whereas a variety of WS and SM types (and FS types at a much lower frequency) coexisted in populations without phage, populations with phage tended to be dominated by a single type. Second, independent populations evolving with phage were dominated by different types, increasing allopatric diversity relative to populations evolving without phage (figure 1b; greater for seven out of eight time points; sign test: p = 0.07). Third, total diversity, the sum of mean sympatric and allopatric diversities, did not differ significantly between populations evolving with or without phage (figure 1c; sign test:
By contrast, phage increased sympatric (figure 2a; twosample t-test (unequal variances) on diversities averaged through time: t = 4.2, d.f. = 7, p Ͻ 0.01), allopatric (figure 2b; sign test: p Ͻ 0.01) and total diversities (figure 2c; sign test: p Ͻ 0.01) in spatially homogeneous environments. Populations evolving without phage were dominated by a single ancestral-like SM type throughout the experiment, with low but increasing frequencies of WS and other types of SM variants as the experiment progressed. This resulted in low levels of all diversity measures. A broadly similar pattern was observed for populations evolving with phage, except that these populations also contained detectable frequencies (average of 7%) of FS or, more rarely, novel mucoid morphotypes. Furthermore, populations evolving with phage contained WS and SM variants unique to single populations and greater variation in the relative frequencies of those variants common to multiple populations, and hence showed greater allopatric diversity. Why did phage decrease sympatric diversity in heterogeneous environments but not in homogeneous environments? We have previously established that phage reduce diversity in heterogeneous environments as a result of phage-mediated reductions in bacterial density (Buckling & Rainey 2002a) : diversification was similar in populations evolving with phage and populations evolving without phage but at densities as if phage were present. Density reductions reduce resource competition and hence the strength of diversifying selection. In this study, phage reduced average bacterial density two-to threefold in both heterogeneous (two-sample t-test (unequal variances) on densities averaged through time: t = 11.22, d.f. = 9, p Ͻ 0.001) and homogeneous (t = 24.28, d.f. = 7, p Ͻ 0.001) environments. However, phage-mediated reductions in resource competition would not have significantly reduced diversity in homogeneous environments because very little diversification occurred even in the absence of phage.
Increased diversity in the presence of phage in spatially homogeneous environments is consistent with both theoretical work (Holt 1977 . There are two, not mutually exclusive, explanations for this increase in diversity. First, there are a variety of ways to be resistant to phage. Phage might then specialize on these different resistant types, allowing frequency-dependent maintenance of bacterial diversity (Doebeli & Dieckmann 2000; Chesson 2000; Abrams & Chen 2002) : a rare type of bacteria would support a smaller population of specialist phage, hence would increase in frequency relative to the common type supporting a large phage population. Second, there could be a trade-off between phage resistance and competitive ability (Abrams 2000; Doebeli & Dieckmann 2000; Chesson 2000; Abrams & Chen 2002) . Again, diversity would be maintained by frequency-dependent selection, with sensitive types dominating when phage are at low densities, and resistant types dominating when phage are common.
In this system, as in most other studies investigating phage-mediated coexistence of bacterial genotypes (Bohannan & Lenski 2000) , it is likely that trade-offs between competitive ability and phage resistance are responsible for the increased diversity. Higher diversity in populations evolving with phage was largely the result of the presence of FS and, less importantly, mucoid genotypes. The fact that neither FS nor mucoids were present at detectable frequencies in phage-free homogeneous cultures suggesting that these types are not competitive in the absence of phage. However, FS and mucoids were invariably resistant to ancestral phage, unlike the SM ancestor, which is sensitive. Despite the apparent selective advantage of FS and mucoids in the presence of phage, phage can evolve to infect FS and mucoids during longerterm coevolutionary interactions (Buckling & Rainey 2002a) .
We carried out competition experiments to test this trade-off hypothesis explicitly in spatially homogeneous environments. We propagated a number of cultures, half initiated with SBW25 and half initiated with an isogenic pantothenate auxotroph of SBW25, in static microcosms for 7 days. Eight SM and FS genotypes were isolated from independent cultures. All FS genotypes were resistant to the ancestral phage, despite evolving in the absence of phage, unlike the SM genotypes, which were all sensitive, as determined by measuring growth inhibition of bacteria when streaked across a line of phage on a KB agar plate (Buckling & Rainey 2002b) . The abilities of each FS genotype to invade a reciprocally marked SM genotype from rare (1 : 100 starting ratio) in the presence and absence of phage were then determined in shaken tubes. All eight FS genotypes were able to invade their paired SM genotypes successfully in the presence of phage (mean relative fitness (W) ± s.e.m. = 3.09 ± 0.6, where W = 1 indicates equal fitness of competitors), but none successfully invaded in the absence of phage (W ± s.e.m. = 0.81 ± 0.05; paired t-test of W in presence and absence of phage: t = 3.58, d.f. = 7, p Ͻ 0.01), demonstrating a trade-off between phage resistance and competitive ability.
Selection for phage resistance is likely to be responsible for the increased allopatric diversities of populations evolving with phage in both spatially structured and unstructured environments (Buckling & Rainey 2002a) . As all genetic variation was generated de novo by mutation in this study, beneficial resistance mutations are likely to have appeared in different genetic backgrounds in different populations. Selection would therefore have favoured different types in different populations, increasing allopatric diversity. Persistent antagonistic coevolution (the reciprocal evolution of bacterial resistance and phage infectivity), as observed in this system (Buckling & Rainey 2002b) , would have further fuelled between-population diversification by preventing types that consistently have a selective advantage in the absence of phage-imposed selection from reaching high frequencies.
In summary, we have shown that the impact of a parasite on the origin and maintenance of sympatric host diversity is dependent on spatial heterogeneity. As predicted by theory, diversity is increased in the presence of phage in spatially homogeneous environments, as a result of trade-offs between resistance and competitive ability. However, in spatially heterogeneous environments phage decrease sympatric diversity by reducing resource competition. Considering interactions between key ecological variables, both theoretically and empirically, is likely to contribute greatly to our understanding of patterns of biodiversity.
